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Cadherin Regulates Dendritic Spine Morphogenesis
Bonhoeffer, 1999), as well as in modifications of spineHideru Togashi,1 Kentaro Abe,1 Akira Mizoguchi,2
or synaptic structures (Rusakov et al., 1997; Toni et al.,Kanna Takaoka,1 Osamu Chisaka,1
1999). Molecular players regulating spine morphologyand Masatoshi Takeichi1,3,4
include F-actin (Fischer et al., 1998) and postsynaptic1Department of Cell and Developmental Biology
density (PSD) scaffold proteins, such as PSD-95 (El-Graduate School of Biostudies
Husseini et al., 2000), Shank and Homer (Sala et al.,Kyoto University
2001), and SPAR (Pak et al., 2001). When the gene en-Kitashirakawa, Sakyo-ku
coding the fragile X mental retardation protein is mu-Kyoto 606-8502
tated, spine length and density transiently increase2 Department of Anatomy and Neurobiology
(Comery et al., 1997; Nimchinsky et al., 2001).Faculty of Medicine
While much information has been accumulated onKyoto University
morphological changes of spines as well as on the mo-Yoshida, Sakyo-ku
lecular constituents of synapses, the regulatory mecha-Kyoto 606-8501
nisms for the formation of synaptic junctions per se3 RIKEN Center for Developmental Biology
are still poorly understood, especially for interneuronal2-2-3 Minatojima-Minamimachi, Chuo-ku
synapses. Cell-surface receptors are assumed to con-Kobe 650-0047
trol the interactions between presynaptic and postsyn-Japan
aptic membranes. For example, neuroligin and neurexin
interactions between the apposed cell membranes play
a role in organizing the presynaptic active zone (Scheif-Summary
fele et al., 2000). Molecules defined as adhesion mole-
cules have also been implicated in synaptogenesis, asSynaptic remodeling has been postulated as a mecha-
synapses can be considered as a specialized type ofnism underlying synaptic plasticity, and cadherin ad-
adhesive structure (Bruses, 2000). In fact, members ofhesion molecules are thought to be a regulator of such
the cadherin family are localized in synaptic junctionsa process. We examined the effects of cadherin
(Yamagata et al., 1995; Uchida et al., 1996; Fannon andblockage on synaptogenesis in cultured hippocampal
Colman, 1996; Benson and Tanaka, 1998; Huntley andneurons. This blockade resulted in alterations of den-
Benson, 1999); these include the so-called classic cadh-dritic spine morphology, such as filopodia-like elonga-
erins, which are Ca2-dependent homophilic adhesiontion of the spine and bifurcation of its head structure,
molecules (Takeichi, 1991; Tepass et al., 2000) and alsoalong with concomitant disruption of the distribution
some members of the protocadherin family (Kohmuraof postsynaptic proteins. The accumulation of synap-
et al., 1998; Yamagata et al., 1999). Each subtype of thesin at presynaptic sites and synaptic vesicle recycling
classic cadherins is expressed in a restricted group ofwere also perturbed, although these synaptic re-
neurons that are connected to each other, leading tosponses to the cadherin blockade became less evident
the hypothesis that homophilic interactions betweenupon the maturation of the synapses. These findings
identical cadherin molecules may be involved in thesuggest that cadherin regulates dendritic spine mor-
formation of synaptic junctions (Suzuki et al., 1997; In-phogenesis and related synaptic functions, presum-
oue et al., 1998).ably cooperating with cadherin-independent adhesive
Functionally, classic cadherins have been implicatedmechanisms to maintain spine-axon contacts.
in synaptic activities, including LTP (Tang et al., 1998;
Manabe et al., 2000; Tanaka et al., 2000). In vitro studies
Introduction
suggested that N-cadherin is required for the establish-
ment of the late-phase LTP (Bozdagi et al., 2000). Al-
Synaptogenesis is a central process not only for neural though such physiological data are available, the role of
network formation, but also for the regulation of synaptic cadherins in synaptogenesis is still unclear, particularly
plasticity. Remodeling of synaptic connections and for- from cell biological aspects, mainly because we lack
mation of new synapses have been postulated as a information on the effect of the loss of cadherin function
mechanism underlying the late-phase long-term poten- on synapse formation. We previously examined the hip-
tiation (LTP) implicated in learning and memory. Plastic pocampus in cadherin-11 mutant mice but were unable
changes in dendritic spine morphology in particular are to detect obvious structural defects in their synapses
thought to play a role in the encoding of LTP (Calverley (Manabe et al., 2000). As the hippocampus expresses
and Jones, 1990; Muller et al., 2000; Jontes and Smith, multiple subtypes of classic cadherins, these cadherins
2000; Yuste and Bonhoeffer, 2001). For example, synap- could have compensated for the loss of cadherin-11, as
tic stimulation results in a change in the length of spines was actually found to be the case in somitogenesis in
or filopodia (Hosokawa et al., 1995; Maletic-Savatic et cadherin-11 mutant mice (Horikawa et al., 1999).
al., 1999) and also affects the motility of filopodia and In this present study, we examined the effect of ubiqui-
spines (Lendvai et al., 2000). The induction of LTP results tous blocking of classic cadherins on synaptogenesis of
in a local growth of new dendritic spines (Engert and cultured hippocampal neurons. Two different methods
were employed to inhibit cadherin activity. First, we used
a dominant-negative cadherin construct. At their cyto-4 Correspondence: takeichi@cdb.riken.go.jp
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plasmic tail, the classic cadherins bind to a complex of the contact sites (Figures 1A and 1C). To confirm
whether these sites were really filopodia-axon contacts,-catenin and -catenin, and the -catenin interacts
with cytoskeletal components (Rimm et al., 1995; Wa- we triple-stained the cultures for F-actin, -catenin, and
synapsin (a presynaptic vesicle protein), and found thattabe-Uchida et al., 1998; Pradhan et al., 2001). Interac-
tion with these cytoplasmic components is crucial for the -catenin accumulation occurred at the sites where
the filopodia had attached to synapsin-positive fiberscadherins to exert their full adhesive activity (Nagafuchi
and Takeichi, 1988; Ozawa et al., 1990). If cadherin mole- (i.e., axons) (Figures 1D–1G). At more advanced culture
stages, synapsin became restricted to dendritic spine-cules with a deletion in their extracellular domain (which
renders them nonfunctional) are introduced into cells, axon contact sites, overlapping with -catenin (Figures
1H–1K). In mature spines, -catenin remained coloca-they compete with endogenous cadherins for interac-
tions with the cytoplasmic components, resulting in a lized with synapsin (Figures 1L–1O). -catenin was dis-
tributed not only in spines protruding from dendrites,blockade of the activity of the endogenous cadherins
(Kintner 1992; Fujimori and Takeichi, 1993). Second, we but also along the dendrite shafts as punctuate signals,
implying that shaft synapses also contained this mole-mutated the gene for N-catenin, a subtype of -catenin
that is expressed specifically in the nervous system cule. Staining for N-cadherin or N-catenin showed es-
sentially the same distribution pattern as seen for(Uchida et al., 1994). Without -catenin, cadherin func-
tion is perturbed due to the mechanisms explained -catenin, although N-cadherin was not ubiquitously lo-
calized in all spines.above (Hirano et al., 1992; Roe et al., 1998) with the
exception that their homophilic interactions at the extra-
cellular domain can still take place (Shimoyama et al., Inhibition of Cadherin Activity by a Dominant-
1992; Brieher et al., 1996), inducing weak cell-cell asso- Negative N-Cadherin Alters Dendritic
ciations. Spine Morphology
The hippocampus expresses at least three classic We used cN390 (Fujimori and Takeichi, 1993), a mutant
cadherins: N-cadherin, cadherin-11, and cadherin-8 N-cadherin in which the extracellular domain has a dele-
(Manabe et al., 2000); all of these molecules can be tion, as a dominant-negative molecule to inhibit endoge-
nonspecifically blocked by the above methods. The re- nous cadherin activity in the rat hippocampal cultures.
sults of our experiments to block the cadherins in hippo- Prior to use of this molecule, we checked whether it
campal neurons, given herein, show that dendritic spine could really inhibit the multiple types of classic cadher-
morphology was dramatically altered as a consequence ins (i.e., N-cadherin, cadherin-8, and cadherin-11) ex-
of the cadherin dysfunction; this phenomenon was ac- pressed in the hippocampus. We prepared L cells stably
companied by impairment of synaptic vesicle accumula- transfected with the cDNA of each cadherin and then
tion and recycling, as well as by the disruption of PSD transiently transfected them with cN390. Cadherin
protein accumulation. These observations support the molecules are normally concentrated at cell-cell contact
ideas that this family of adhesion molecules plays a sites. But, when the dominant-negative N-cadherin was
critical role in the formation of synapses and that they expressed, all three cadherin molecules became ex-
may function as regulators of synaptic plasticity through cluded from the contact sites (data not shown). This
their activity of modulating spine morphology. These result is a clear indication that their functions as homo-
findings are also consistent with our recent report that philic adhesion molecules were generally blocked, and
DN-cadherin mutation perturbs synaptic organization in this was confirmed by cell aggregation assays (data not
the Drosophila visual system (Iwai et al., 2002). shown).
We transfected hippocampal neurons at various cul-
ture stages with cN390, the full-length N-cadherinResults
(N-cad), or EGFP as a control by incubating them with
adenoviral expression vectors for another 2 days. TheDevelopment of Cadherin-Associated Synaptic
Contacts in Hippocampal Cultures culture day of these samples is designated as “the initial
culture day2” day hereafter. Protein expression beganSynaptogenesis gradually proceeds over weeks in hip-
pocampal neurons in vitro (Rao et al., 1998; Lee and at 7 to 8 hr after infection, reaching a maximum level
by 24 hr. In the following observations, neurons wereSheng 2000). We cultured rat hippocampal neurons for
7–28 days, conventionally dividing the incubation period generally double or triple stained for the exogenous mol-
ecules, together with other markers to be examined, forinto the early (7–10 days), middle (11–17 days), and late
(18–28 days) stages. During the early stage, spine-axon confirming the expression of the transfected genes at
the individual cellular level. We found that the expressioncontacts begin, followed by maturation and stabilization
of synapses during the middle and late stages, respec- of these constructs did not affect the outgrowth of axons
(Figure 2K) or dendrites (data not shown), as revealedtively. We first observed the initial processes in the for-
mation of cadherin-associated synaptic contacts by im- by measuring their length in 2 2 day cultures (see also
Experimental Procedures for another data set). Protru-munostaining for -catenin (which ubiquitously binds to
the classic cadherin members) as a representative of sion of filopodia from dendrites was also not affected
(see below). However, when neurons at later culturethe cadherin-catenin complex. During early periods of
the cultures, dendrites extend numerous, fine filopodia stages (in which spine-axon contacts have been estab-
lished) were transfected, we noticed a dramatic effect(Ziv and Smith, 1996). We visualized these structures by
F-actin staining (Figure 1A). -catenin was only diffusely of cN390 expression on the morphology of the den-
drites. In low-magnification views, the dendrites of neu-distributed along such extending filopodia. When filo-
podia met a putative axon and their contacts had be- rons expressing cN390 looked spiny, with numerous
irregular processes, whereas those expressing the con-come established, -catenin became concentrated at
Cadherin in Synaptogenesis
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Figure 1. Development of Cadherin-Associ-
ated Spine-Axon Contacts in Hippocampal
Cultures
(A–C) Double staining for -catenin (red) and
F-actin (green) in dendrites of an 8 day culture
is shown. In (B) and (C), a closeup view of
the filopodia-axon contact portion in (A) is
depicted. Arrows show accumulation of
-catenin at early filopodia-axon contact
sites. The distribution of -catenin in free filo-
podia is very diffuse.
(D–O) Triple staining for -catenin (red), sy-
napsin (blue), and F-actin (green) in 8 day
(D–G), 9 day (H–K), and 21 day (L–O) cultures
is shown. In (D)–(G), synapsin is not confined
to the same sites, although -catenin is con-
centrated in filopodia-axon contact sites
(arrows). In (H)–(K), both-catenin and synap-
sin have accumulated in filopodia-axon con-
tact sites. Abbreviations: ax, axon; -cat,
-catenin; syn, synapsin; act, actin.
Bars are 10 m in (A) and 5 m in (B)–(O).
trol N-cad were not visibly affected in terms of dendrite can be identified in actin-stained samples, were indistin-
guishable in shape between neurons expressing N-cadmorphology (Figures 2A and 2B); the latter were indistin-
guishable from EGFP-expressing controls (data not and cN390; e.g., their mean length  SEM (m) in 8 
2 day cultures was similar 2.55  0.14 (n  57) andshown). Closer views of these samples revealed that in
cN390-expressing cells, dendritic spines were irregu- 2.35 0.06 (n 261, p 0.05), respectively. The effects
of cN390 expression on spine shape were observedlarly shaped (e.g., some of the spines showed a filo-
podia-like morphology and others bifurcated at the head even in the early-stage cultures when dendritic spine-
axon contacts had already been formed (Figures 2G–2J).portion or were abnormally elongated) (Figures 2D and
2D	), whereas spines with the control N-cad exhibited In the above cultures, the exogenous N-cad was de-
tected not only in dendrite shafts, but also in spinethe typical mushroom shape (Figure 2C and 2C	). These
morphological differences were more clearly visualized heads, although a certain population of spines did not
incorporate the exogenous molecule (Figure 2C andby staining neurons with DiI (Figures 2E–2F	). Measure-
ment of the length of dendritic protrusions in the DiI- 2C	). cN390 was rarely concentrated at particular sites
in dendritic spines or filopodia (Figures 2D and 2D	). Tostained neurons confirmed that their average length had
increased in cN390-expressing neurons (Figure 2L). check whether or not the endogenous cadherin system
was still active in cN390-expressing neurons, weThe width of the spine head, defined as the distally
enlarged portion of the dendritic protrusions contacting stained them for -catenin, an indispensable partner for
the classic cadherins. This catenin accumulated in theaxons, was also measured, and the results showed that
the average head width was significantly smaller in spine heads of neurons expressing the control exoge-
nous N-cad, whereas it was not particularly concen-spines expressing cN390 (0.71 0.01 m, n 514) than
in those of the N-cad controls (0.95  0.01 m, n  trated in spine-axon contact sites in cN390-expressing
cultures (Figures 2G–2J), suggesting that endogenous1023, p 
 0.001). Despite their deformed morphology,
the dendritic spines in cN390-expressing neurons cadherins themselves were not localized in these con-
tact sites and not functioning as adhesion molecules.tended to maintain their contacts with axons, judging
from the observations of actin-stained samples in which
all axons had been visibly stained (Figures 2D and 2D	). Perturbation of Presynaptic and Postsynaptic
Organization in Cadherin-Blocked NeuronsThese morphological effects of cN390 expression ap-
peared to be specific for the dendritic spines contacting We next examined whether the above alterations in
spine shape were accompanied by presynaptic changesaxons. Free filopodia not attached to any axon, which
Neuron
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Figure 2. Effect of cN390 Expression on
Dendrite Morphology
(A and B) Overall views of neurons trans-
fected with the control N-cadherin (N-cad;
[A]) or cN390 (B) in 21  2 day cultures are
shown. The cells were double stained for
F-actin (green), with the FLAG-tag attached
to each cadherin polypeptide (red in inserts).
(C–D	) Closeup views of dendrites expressing
N-cad (C and C	) or cN390 (D and D	) in 21
2 day cultures are shown, stained as in (A)
and (B).
(E–F	) DiI-labeled dendrites expressing N-cad
(E and E	) or cN390 (F and F	) in 15  2 day
cultures are depicted. Neurons were trans-
fected with EGFP-tagged cadherin con-
structs, and EGFP-positive neurons were
chosen for the observations. Only DiI images
are shown. Note the mushroom-like spines
in the controls and deformed spines in the
cN390-expressing dendrites. Only a sub-
population of axons is visibly stained in each
field.
(G–J) Double staining for the exogenous
N-cad (G) or cN390 (I) and endogenous
-catenin (H and J) in 8  2 day cultures
is shown. -catenin is not concentrated at
spine-axon contacts in cN390-expressing
neurons.
(K) Mean axon length (m) in EGFP-, N-cad-,
or cN390-transfected neurons in 2  2 day
cultures is shown. Neurons were stained for
tau, and the length of the longest process
in each neuron, regarded as the axon, was
measured manually. Histogram shows the
mean length plus SEM (n  10) for each sam-
ple. No significant difference was found be-
tween the samples.
(L) Mean dendritic protrusion length (m) in
EGFP-, N-cad-, or cN390-transfected neu-
rons stained with DiI in 15  2 day cultures is
shown. The maximum protrusion length from
the top to the base on the dendrite was mea-
sured. The histogram shows the mean length
plus SEM, *p 
 0.001 versus N-cad. n  212
for EGFP, n  493 for N-cad, and n  576 for
cN390. The data were collected from 20
independent neurons cultured in three sepa-
rate plates for each construct.
Bars are 15 m in (A) and (B) and 5 m in
(C)–(J).
by staining the cultures with antibodies specific for sy- in the spine heads whose deformation had been induced
by cN390 expression (Figure 3H, insert), suggestingnapsin. When 8  2 day cultures expressing the control
N-cad had been stained for synapsin, this protein was that at least spine synapses were still rather sensitive
to the cN390 expression in the mature neurons. Thedistributed as punctate signals along axons attached to
dendrites (Figures 3A, 3C, and 3D), as described above. quantitative measurement of immunoreactive signals for
the overall synapsin puncta in each culture confirmedWhen cN390 was introduced into neurons, the punc-
tate feature of synapsin signals was greatly reduced these morphological observations (Figure 3K, left).
Staining for synaptophysin, another synaptic vesicle(Figures 3B, 3E, and 3F). Closer observations of these
samples indicated that synapsin tended to have diffused marker, gave similar results (data not shown).
Presynaptic functions could have been impaired byinto the portions of axons not in contact with dendritic
spines (Figures 3E and 3F). When 18 to 19  2 day the cN390 expression. To test this possibility, we stud-
ied synaptic vesicle recycling by stimulating 7  2 daycultures with more mature synapses were transfected
with cN390, the effect appeared much less dramatic neurons with a high-K solution in the presence of FM4-
64, a fluorescent endocytic marker. In control cultures,than in earlier cultures, particularly because synapsin
retained its patchy localization (Figures 3G and 3H). typical uptake of this dye at synaptic sites was observed
(Figure 3I). However, in cultures expressing cN390, thisThese synapsin clusters were most clearly detected in
the shaft region of dendrites and not always detected uptake was strongly suppressed (Figures 3J and 3K),
Cadherin in Synaptogenesis
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Figure 3. Effect of cN390 Expression on
Presynaptic Organization
(A–F) Distribution of synapsin in 8  2 day
neurons expressing N-cad (A, C, and D) or
cN390 (B, E, and F) is shown. In (A) and (B),
overall views are depicted. In (C)–(F), closeup
views of (A) and (B) and phase-contrast mi-
crographs of the same fields are shown. Syn-
apsin signals become diffuse when treated
with cN390 at this early culture stage.
(G and H) Distribution of synapsin in 19  2
day neurons expressing N-cad (G) or cN390
(H) is shown. Synapsin signals are punctate
even in cN390-treated neurons at this stage,
although the signals tend to be confined to
the dendritic shafts in these neurons. Inserts
show double staining for F-actin (green) and
synapsin (red) in 18  2 day neurons. Synap-
sin signals are reduced or absent in the spine
heads of cN390-treated neurons, whereas
in the dendritic shafts, these signals are ob-
served equally in both samples. Arrows point
to contact sites between dendritic spines and
an axon.
(I and J) FM4-64 (FM) uptake in 7  2 day
neurons expressing N-cad (I) or cN390 (J)
is depicted. The level of FM4-64 uptake was
greatly reduced by the cN390 expression.
(K) The graphs show quantitative measure-
ment of synapsin-labeled puncta (left: 8 days,
n  36; 3w, n  28 for each plot), and FM4-
64-labeled puncta (right: 7 days, n  25; 3w,
n  38 for each plot) in neurons cultured for
7  2 days (7d), 8  2 days (8d), or 21  2
days (3w). Histograms show mean plus SEM
for *p 
 0.001 and **p 
 0.005 versus N-cad.
The fluorescent images in each pair of control
and experimental samples were collected un-
der the same relative gain and threshold set-
tings.
Bars are 10 m in (A), (B), (G), (H), (I), and (J);
5 m in (C)–(F); and 5 m in the inserts of (G)
and (H).
with the number of brightly stained puncta greatly re- tic organization, we examined the distribution of PSD-
95, a postsynaptic scaffold protein, and chose neuronsduced. To confirm if this was a synaptic activity-depen-
dent phenomenon, we restimulated the labeled neurons in middle-stage cultures since synaptic accumulation
for PSD-95 occurs at this stage (Rao et al., 1998). Inand found that this treatment almost completely re-
moved FM4-64 dye in both control and experimental 12  2 day neurons transfected with N-cad, PSD-95
showed a characteristic punctate pattern, being con-cultures (data not shown). When more mature cultures
at 21  2 day were examined, the effect of cN390 centrated in spine heads (Figures 4A, 4C, and 4D). But,
in neurons expressing cN390, these punctate signalsexpression on FM4-64 incorporation was less dramatic,
but it still significantly inhibited FM4-64 uptake (Figure were greatly reduced, becoming diffusely distributed in
the dendrites (Figures 4B, 4E, and 4F); this finding was3K, right).
To study the effect of cadherin blocking on postsynap- confirmed by counting the number of PSD-95-positive
Neuron
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Figure 4. Effect of Cadherin Blockade on
PSD-95 and GAD Distribution
(A–F) PSD-95 distribution in 12  2 day neu-
rons transfected with N-cad (A, C, and D) or
cN390 (B, E, and F) is shown. Punctate dis-
tribution of PSD-95 is diminished in the
cN390-treated neurons, its accumulation
into synapses being suppressed. Arrows
point to synaptic contacts.
(G and H) GAD distribution in 19  2 day
neurons transfected with N-cad (G) or
cN390 (H) is shown. Punctate GAD signals
became diffused by cN390 expression.
(I) The graph showns quantitative measure-
ment of PSD-95-labeled puncta in N-cad- or
cN390-transfected neurons cultured for
10  2 days (10d) and 21  2 days (3w).
Histogram shows mean length plus SEM. For
each plot, n  44 (10d), and n  22 (3w). *p 

0.001 versus N-cad.
(J) The graph shows quantitative measure-
ment of GAD-labeled puncta in N-cad- or
cN390-transfected neurons cultured for
19  2 days. Histogram shows mean length
plus SEM. For each plot, n  40 for N-cad
and n  42 for cN390; ***p 
 0.01 versus
N-cad.
The fluorescent images in each pair of control
and experimental samples (A and B; C and
E; G and H) were collected under the same
relative gain and threshold settings.
Bars are 10 m in (A), (B), (G), and (H) and 5
m in (C)–(F).
puncta on the dendrites (Figure 4I). When older cultures finding that a large population of GABAAR clusters is
not innervated (Scotti and Reuter, 2001; Christie et al.,were transfected with cN390, PSD-95 accumulation
was still inhibited, although the effect was decreased 2002), supporting our idea that the cN390 expression
specifically perturbs cell contact-dependent phe-(Figure 4G).
Cadherin/catenins are also localized in inhibitory syn- nomena.
apses (Uchida et al., 1996; Benson and Tanaka, 1998).
We examined the effect of N-cad or cN390 expression N-Catenin Mutation Induces Spine Elongation
In Vitroon the distribution of glutamic acid decarboxylase
(GAD), a marker of presynaptic GABAergic boutons, as We employed the second method (the genetic removal
of N-catenin) to suppress cadherin activity. We gener-well as of GABAA receptors (GABAAR), using late-stage
cultures. GAD-positive boutons were observed as punc- ated N-catenin (N-cat) knockout mice (Figure 5), and
details of their overall phenotypes will be described intate immunofluorescent signals on control N-cad-
expressing neurons (Figure 4G); these boutons generally the future. These mutant mice die within 24 hr after birth,
with exceptional individuals that can survive longer. Thecontained -catenin (data not shown). When cN390
had been expressed, the GAD signals became diffused gross morphology of mutant brains at the postnatal day
(P)0 stage looks normal (Figure 5D). Anatomical analysisalong axons (Figure 4E), resulting in a reduction of the
number of GAD-positive puncta (Figure 4J), as found of these P0 brains revealed certain tissue disorders in
restricted areas of the brain, including the cerebellum infor synapsin and PSD-95. This suggests that the organi-
zation of inhibitory synapses was also affected by cadh- which Purkinje cell migration was partly blocked (Figure
5F), as seen in reeler mice. The hippocampus appearederin blockade. On the other hand, we did not find clear
effects of the cN390 expression on the distribution of normal in the overall morphology (Figure 5E), except for
subtle disorders in laminar formation.GABAAR (data not shown). This is consistent with the
Cadherin in Synaptogenesis
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Figure 5. Mutagenesis of the N-Catenin Gene
(A) Design of the targeting vector is shown. The top of the diagram depicts the targeting replacement vector. The vector constructed in which
the N-cat gene was truncated at the position encoding the 40th amino acids from amino terminus by insertion of IRES-EGFPpA and PGKNeopA
cassettes (shaded column) in the same orientation relative to N-cat transcription. An MC1TK gene cassette (open column) was added for
negative selection to enrich the targeted cells. The mouse genomic region is indicated by a thick horizontal line. The thin horizontal line
indicates the plasmid vector region. The middle of the diagram depicts normal genomic structure of the N-cat gene, with the vertical column
representing the second exon. The position of a flanking probe for target selection by Southern blotting analysis is indicated. The bottom of
the diagram portrays the structure of the mutated N-cat gene. Abbreviations: B, BamHI; S, SalI; X, XhoI.
(B) Southern blot analysis of genomic DNA isolated from a representative F2 litter of seven mice derived from a heterozygous F1 intercross
is shown. DNA digested with BamHI and SalI and probed with a 2.3 kb fragment 5	 to exon 2 (not included in the targeting vector) yielded
diagnostic 12.5 kb restriction fragments from wild-type (/) and 8.6 kb ones from mutant alleles (/).
(C) Western blots for N-catenin protein in P0 N-cat/ and N-cat/ brain lysates is depicted. A doublet of 113 and 102 kd N-catenin
bands, representing two isoforms (Uchida et al., 1994), are detected only in the wild-type samples, indicating that neither isoform was expressed
in the mutant mice.
(D–F) P0 N-cat/ and N-cat/ brains are compared. In (D), the entire views are shown. In (E), histological sections of the hippocampus
are depicted. In (F), we used immunofluorescence calbindin-D staining to label Purkinje neurons. Note the partial arrest of their migration.
We isolated the hippocampus from P0 wild-type, head in the DiO-stained cultures. It again varied from
spine to spine in mutant neurons, but in terms of theN-cat/ or N-cat/ mice and cultured their neurons
in vitro. Neurons from the mutant hippocampus normally mean, the head width was similar in the N-cat/ and
N-cat/ samples (the mean width  SEM m wasextended dendrites and axons; the dendrites also nor-
mally protruded filopodia, establishing contacts with the 0.68  0.01 (n  393) and 0.64  0.01 (n  417, p 
0.05), respectively, when measured in 17 day cultures.axons. However, the fine morphology of the dendrites
was clearly different from that of neurons from the wild- Thus, in contrast to the cN390-expressing neurons,
only the spine length was significantly altered intype or heterozygous mice (Figures 6A and 6B). In mu-
tant neurons, many dendritic spines were thinly elon- N-cat/ neurons. Samples from heterozygous animals
were indistinguishable from wild-type ones throughoutgated, as revealed by F-actin (Figures 6C and 6D) or
DiO staining (Figures 6K and 6L). In fact, the length of the above observations.
Staining for synapsin showed that in general, this pre-dendritic spines in these mutant neurons varied consid-
erably; spines attached to axons located close to the synaptic vesicle protein normally accumulated at synap-
tic sites in mutant cultures although its punctate signalsdendrite were as short as in control cultures, whereas
those that contacted axons remotely located were much tended to be reduced in size; in a small percentage of
spine-axon contacts, the synapsin signal was undetect-longer than those in the control (Figure 6L). This sug-
gests that the spine neck was structurally more plastic able (Figures 6C and 6D). We also examined FM4-64
uptake and found that its uptake pattern was similar toor flexible in the mutant neurons. These phenotypes
were observed throughout all culture periods examined, that of synapsin distribution (Figures 6E and 6F). Re-
garding postsynaptic organization, we detected clearfrom 10–30 days (Figures 6M and 6N), although spines
in older cultures were shorter in both heterozygous and punctate signals of PSD-95 at the head portion of their
elongated dendritic spines (Figures 6G and 6H). Interest-mutant samples. We also measured the width of the spine
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Figure 6. Alteration of Spine Shape by
N-Catenin Mutation
Hippocampal neurons were obtained from P0
N-cat/ and N-cat/ brains. Samples
were derived from cultures incubated for
16–17 days, unless otherwise specified.
(A and B) Overall views of neurons double
stained for actin (green) and synapsin (red) in
10 day cultures are shown.
(C and D) Closeup views of dendrites in wild-
type (C) and mutant (D) neurons are depicted,
double stained for actin (green) and synapsin
(red). In mutant neurons, dendritic spines
have elongated. Nevertheless, synapsin has
accumulated in most of their synaptic sites,
but not in all of them.
(E and F) FM4-64 (red) uptake in wild-type
(E) and mutant (F) neurons is shown. Mutant
synapses are able to incorporate FM4-64.
(G and H) PSD-95 distribution in wild-type
(G) and mutant (H) synapses is shown. This
protein is localized at synapses in both
samples.
(I and J) Localization of N-cadherin is shown
in wild-type (I) and mutant (J) synapses. This
protein is equally detected at synaptic sites
in both samples.
(K and L) DiO-stained spines are shown in
wild-type (K) and mutant (L) neurons cultured
for 30 days. Note that thinly elongated and
normal-sized spines coexist on the mutant
dendrites.
(M and N) The graphs show distribution of
dendritic protrusion length (M) and mean pro-
trusion length plus SEM (N) in N-cat/ and
N-cat/ neurons cultured for 10, 20, and 30
days. Data was collected from seven neurons
in two separate DiO-stained cultures for each
measurement. n  500 in every histogram.
*p 
 0.001 versus N-cat/.
Arrows points to synaptic contact sites. Ab-
breviations: ph, phase-contrast micrograph.
Bars are 10 m in (A) and (B) and 2.5 m in
(C)–(L).
ingly, -catenin or N-cadherin was still concentrated at -catenin, T-catenin (which was recently identified)
(Janssens et al., 2001), is localized in hippocampal syn-spine-axon contact sites even in the mutant samples at
a level indistinguishable from that in the control cultures apses and compensates the loss of N-catenin.
(Figures 6I and 6J). Another subtype of -catenin, E-
catenin, was faintly expressed in hippocampal neurons, Discussion
but this molecule was not detectable in -catenin-posi-
tive synapses of either N-cat/ or N-cat/ neurons Through the present experiments, we first showed that
as soon as dendritic filopodia had contacted an axon,(data not shown), suggesting that the E-catenin was
not compensating for the loss of N-catenin in the pres- molecules constituting the cadherin adhesion system
became concentrated at the contact sites. Synaptic lo-ent system. It remains undetermined whether the third
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calization of these molecules persisted up to the mature and the subsequent synaptic protein clustering. The
stage of the synapses. These observations suggest a cadherin intracellular domain/N-catenin-dependent
continuous role of this adhesion system from the initia- signaling system seems to be more important for the
tion to maintenance of synaptic junctions. To test this regulation of spine shape.
idea, we used two methods to block cadherin-mediated
cell adhesion: (1) ectopic expression of a dominant-nega- How Does Cadherin Dysfunction Induce
tive cadherin, and (2) genetic removal of N-catenin. Neu- Spine Elongation?
rons differentially responded to these treatments. In Next, a question arises as to how the cadherin intracellu-
N-cat/ neurons, dendritic spines simply elongated, lar domain regulates spine shape and the N-cat muta-
maintaining their synaptic contacts with axons. On the tion induces spine elongation. In synapses, puncta ad-
other hand, when the dominant-negative N-cadherin herentia, the putative adhesive sites where cadherins
was expressed, more severe morphological changes are localized, are linked to actin filaments (Spacek, 1985;
were induced in dendritic spines. In contrast to the case Spacek and Harris, 1998). A recent study (Zhang and
of the N-cat mutation, -catenin or N-cadherin disap- Benson, 2001) showed that latrunculin treatment of neu-
peared from spine-axon contact points, indicating that rons, which induces actin depolymerization, trans-
the expression of this molecule resulted in a stronger formed spines into filopodia-like processes with a con-
inhibition of the cadherin system than found with the comitant loss of N-cadherin in synapses. This finding
loss of N-catenin. The differences in the effects of the suggests the possibility that the cadherin-actin complex
two cadherin-blocking treatments on synaptogenesis may be involved in the regulation of spine morphology.
can be explained by the following mechanisms. For instance, we can speculate that the cadherin-medi-
Cadherin-mediated cell adhesion is assumed to involve ated adhesion signals generated at synaptic contacts
two processes: the intracellular domain-independent are transmitted to the actin-based cytoskeleton and that
and -dependent ones. As mentioned in the introduction, this signal works for dynamic control of spine neck
cadherin’s homophilic interaction can take place with- shape, conferring a typical mushroom morphology on
out the intracellular domain, leading to weak cell-cell it. Without cadherin activity, this system is blocked, and
adhesion. On the other hand, for establishment of the spine neck structure may become uncontrollable. The
tight, physiological cell-cell adhesion, cadherin requires lack of N-catenin should block this putative signal
the intracellular domain and the associated -catenin. transmission system, as this protein is a linker between
These cytoplasmic elements are linked with the cytoskele- cadherin and F-actin, accounting for the spine elonga-
ton, including actin filaments, and the initial cadherin- tion phenotype in N-cat/ neurons. These ideas are
mediated contacts are believed to generate adhesion illustrated in Figure 7.
signals that can reorganize the cytoskeletal system, a The above hypothetical signaling system may involve
process which seems to be essential for establishing PSD scaffold proteins, as these proteins also regulate
closer cell-cell association (Nakagawa et al., 2001; spine morphology (El-Husseini et al., 2000; Sala et al.,
Noren et al., 2001; Kovacs et al., 2002). The overexpres- 2001; Pak et al., 2001). We previously demonstrated that
sion of cN390molecules in the cell surface membranes
PSD-95 and catenins can be coprecipitated and that
is expected to block all of these processes. The cN390
blocking of cadherins perturbed the PSD-95 distribution
molecules themselves are nonadhesive and therefore,
in retinal neurites (Honjo et al., 2000), thereby supporting
their dominated expression should reduce the overall
the notion that cadherin molecules cooperate with PSDcadherin-dependent adhesive activity on the cell sur-
scaffold proteins for postsynaptic structural organiza-face. Furthermore, the competition between cN390
tion. Our present study confirmed the important role ofmolecules and endogenous cadherins for the interaction
cadherin in PSD-95 distribution. It should also be notedwith cytoskeletal components should interfere with the
that the ectopic expression of a dominant-negativeproduction of the adhesion signals. Thus, cN390 can
Rac1 resulted in the elimination of dendritic spines (Na-disrupt the entire cadherin system; in fact, epithelial cell-
kayama et al., 2000). As it is known that cadherin-medi-cell adhesion is severely disorganized by the expression
ated junction formation activates Rac1 (Nakagawa et al.,of this molecule (Kintner, 1992; Fujimori and Takeichi,
2001), we may infer that the cadherin system regulates1993). In synapses, both dendritic spine morphology
spine length via such small GTPases.and synaptic protein clustering were disrupted, particu-
In the cN390-overexpression experiments, this mol-larly in early cultures, suggesting that at least early syn-
ecule was not always expressed in all the neurons pres-aptogenesis depends on the activity of the full cadherin
ent in a culture. Nevertheless, in cells expressingsystem. On the other hand, in N-cat/ neurons, the
cN390, the effect of this protein was observed in essen-cadherin-mediated adhesion via its homophilic interac-
tially all synaptic contacts formed on a neuron (in casetion at the extracellular domain seems to have normally
of early-stage cultures) whether the axons attached ex-occurred, as shown by the localization of N-cad and
pressed cN390 or not. This is expected because in-catenin in synaptic contacts and as anticipated from
principle, cadherin can function as a homophilic adhe-the previous observations (Shimoyama et al., 1992;
sion molecule only when the same molecules are ex-Brieher et al., 1996). Interestingly, the absence of
pressed in adjacent cells forming a pair; in other words,N-catenin did not drastically affect the accumulation
the inhibition of cadherin in either one of the paired cellsof synaptic proteins, but only induced the morphological
is sufficient to block their cadherin-mediated adhesion.changes in dendritic spines. These findings suggest that
In this context, we should consider the possibility thatthe cadherin homophilic interactions without the intra-
the putative cadherin-mediated signals are generatedcellular domain-dependent signaling system are suffi-
cient to assist formation of synaptic membrane contacts at the presynaptic side, and this was primarily blocked
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Figure 7. Working Models to Explain the Ef-
fects of Cadherin Blockade on the Organiza-
tion of Spine and Synapse Structures
Homophilic cadherin interactions at synaptic
clefts are presumably essential for stable as-
sociation of the presynaptic and postsynaptic
membranes. These interactions may gener-
ate a signal (arrows) for modulating spine
neck morphology, which is transmitted to the
cytoskeleton via the N-catenin-actin link-
age. This signaling system is disrupted by the
expression of dominant-negative cadherins
or loss of N-catenin. The interactions of
other putative receptor/ligands (e.g., those
necessary for synaptic vesicle accumulation)
may be initially promoted by the cadherin sys-
tem. But, upon the maturation of synapses,
cadherins may not be necessary for sus-
taining such receptor/ligand systems.
by the cN390 expression, which indirectly affected (Scheiffele et al., 2000). The initial cadherin-mediated
adhesion could be a prerequisite for such interactionsspine morphology. This idea, however, remains to be
studied. It also remains unclear whether spine shape is in other receptors/ligands at newly forming synaptic
clefts. It should also be noted that putative active zoneaffected when only axons, but not dendrites, expressed
cN390 at synaptic contacts, as we could not detect precursor vesicles contain N-cadherin (Zhai et al., 2001),
suggesting that cadherin could play a direct role in thesuch a form of axon-spine contact in a statistically suffi-
cient number. docking of synaptic vesicles into the synaptic sites.
The N-catenin mutation was less effective in reduc-We also should consider the possibility that the cadh-
erin overexpression may have affected the -catenin ing synapsin accumulation as well as FM4-64 uptake
despite its clear effects on spine shape; however, thenuclear signaling through depletion of its cytoplasmic
pool and that this is a mechanism to alter spine morphol- pointed spine-axon contacts often seen in the mutant
cultures had a reduced level of synapsin, and someogy. This idea is unlikely because the full-length N-cad
and cN390 have the same ability to bind -catenin yet, had lost it completely. Cadherin-cadherin homophilic
interactions without -catenin are presumably sufficientnevertheless, showed different effects. In addition, the
N-catenin mutation does not affect the interaction be- to sustain other receptor/ligand interactions at synaptic
clefts, such as those of neurexin and neuroligin, as dis-tween cadherin and -catenin (K.T. and M.T., unpub-
lished data). cussed above.
Potential Roles of Cadherin/CateninsCadherin-Dependent Presynaptic Organization
We showed that when cadherin was blocked in early in Synaptic Remodeling
Morphological changes in spine and synaptic junctionscultures by use of the dominant-negative N-cadherin,
synapsin distribution was greatly affected, with con- are thought to be a mechanism to regulate synaptic
plasticity. Our present results suggest that cadherin maycomitant inhibition of FM4-64 uptake. This effect be-
came less evident once the neurons had matured. These be a novel critical regulator of these processes. Previous
studies showed that cadherin is required for the estab-observations suggest that cadherin is particularly impor-
tant in the initial organization of presynaptic sites and lishment of LTP (Tang et al., 1998; Bozdagi et al., 2000).
If cadherin is strongly blocked, the formation of newthat once these synapses are established, cadherin be-
comes less important for the maintenance of synaptic synapses that are necessary for synaptic remodeling
might be impaired, explaining these previous observa-vesicle organization. This notion is also consistent with
the result of the above-mentioned latrunculin treatment tions. On the other hand, in cadherin-11 mutant mice,
LTP in hippocampus was enhanced (Manabe et al.,experiments (Zhang and Benson, 2001). In these experi-
ments, actin depolymerization induced disruption of 2000), apparently contradictory to those observations.
Our present results suggest that under the conditionN-cad clusters in mature hippocampal neurons, but did
not affect other synaptic protein accumulation, thus, that the cadherin system is only partially blocked, mor-
phological changes in spines might be promoted with-supporting the idea that N-cad is not essential for the
maintenance of the latter. We suspect that multiple out interfering with synaptic contact formation, and this
may lead to enhancement of LTP. Such partial inhibitionclasses of adhesion molecules or other classes of recep-
tor/ligands cooperate for synaptic junction formation of the cadherin system might have happened in the
cadherin-11 mutant mice, for though this cadherin geneand maintenance (Figure 7), as we found that dendritic
spines could maintain contact with axons under the was mutated, other cadherins (such as N-cadherin) were
present in the hippocampus. It is likely that while cadh-expression of cN390. The importance of such noncadh-
erin systems presumably increases during neuronal matu- erin is essential for the formation of new synaptic junc-
tions, a downregulation of cadherin activity at appro-ration. It was reported that the neurexin-neuroligin interac-
tions between apposed plasma membranes induced priate levels might be necessary for the structural
plasticity of preestablished synapses. A similar idea wassynaptic vesicle accumulation at the presynaptic sites
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of approximately 50%–100%. The total amount of the exogenousdiscussed to explain the function of PSA-NCAM (Muller
cadherin constructs expressed in each culture was two to four timeset al., 1996). In the normal brain, given that cadherin
greater than that of the endogenous N-cadherin, when estimatedactivity is physiologically modifiable, it could really act
by Western blotting of the lysates of the cultures transfected with
as a regulator of synapse morphogenesis and plasticity the vectors of MOI  20. This amount fluctuated with individual
and, in turn, as that of LTP. In fact, cadherin can be neurons. Therefore, we always monitored the level of the exogenous
molecules expressed in individual neurons by immunostaining andregulated through biochemical modifications of cate-
chose the cells expressing moderate levels of these molecules fornins (Aono et al., 1999; Ohkubo and Ozawa, 1999; Thore-
observations. To check the possible toxic effect of the adenoviralson et al., 2000), and through such mechanisms, remod-
infection, we counted living neurons at 3 days after the infection ofeling of synapses could be achieved.
2 day cultures with viruses at MOI 25 (the highest titer that we used)
and compared their number with that in uninfected cultures. In a
Experimental Procedures typical result, the ratio of the number of neurons in the cultures
expressing EGFP, N-cad, and cN390 to that in uninfected cultures
Cell Culture was 77.4%, 74.7%, and 81.8%, respectively; we also measured their
Rat hippocampal neuronal cultures were prepared from embryonic total dendrite length, obtaining the values, 86.8  5.2 m (n  43),
day (E)18 Sprague-Dawry rats according to Goslin et al. (1998) with 87.6  7.1 m (n  43), and 80.9  3.8 m (n  52), respectively,
slight modifications. Hippocampal neurons, isolated by trypsin treat- indicating that although adenoviral infection at high titers is slightly
ment, were plated at a density of 3000 cells/cm2 on poly-L-lysine- toxic, there is no significant difference in the toxicity between the
coated cover glasses in Minimum Essential Medium (MEM, Gibco) three viral vectors used. Microscopically, except for neurons ex-
containing 10% horse serum. After attachment of cells, the cov- pressing extremely high levels of the exogenous molecules, those
erslips were transferred into a dish with glial cells and maintained with average levels looked morphologically normal. We chose only
in MEM with a B27 supplement (Gibco) above the glial feeder layer. morphologically normal-looking neurons for all the observations.
Cytosine arabinoside (5 M) was added to the cultures after 3 days
to inhibit glial proliferation. To culture hippocampal neurons from
Functional Labeling of Presynaptic Boutons with FM4-64N-cat mutant mice, we collected neurons from brains of P0 pups
Hippocampal cultures were incubated with 15 M FM4-64 (Molecu-generated by crossing of N-cat/ parents; those collected from
lar Probes) in a high-K isosmotic HBSS solution (103 mM Na, 45individual hippocampi were separately cultured on rat glial feeder
mM K, 2 mM Ca2, and 0.5 mM Mg2) for 1 min at room temperaturelayers following the method for preparation of rat hippocampal low-
and washed for 15 min with a dye-free culture medium at the samedensity cultures. Genotyping was performed afterwards to deter-
temperature to remove free FM4-64. Depolarization-dependent de-mine the genotype in each pool of the cultures. Comparisons of
staining was obtained by application of a 90 mM K solution aftermutant, heterozygous, and wild-type samples were generally made
a 15 min perfusion with dye-free medium, according to a previouslyamong cultures derived from a single littermate. The observations
described method (Kavalali et al., 1999). Labeled cells were fixeddescribed here were limited to putative excitatory neurons.
with 4% paraformaldehyde for 15 min at room temperature in the
dark. After fixation, the cultures were rinsed three times, and fluores-Immunocytochemistry and Dye Staining
cent images were captured by a microscope immediately. To moni-Neurons were fixed with 4% paraformaldehyde and 4% sucrose in
tor the expression levels of exogenous N-cadherin or cN390 inHanks’ balanced salts solution (HBSS) for 15 min at room tempera-
these cultures, we used EGFP-tagged constructs for transfectionture or 37C. Fixed cells were permeabilized with 0.25% Triton X-100
and observed their fluorescence intensity during the experiments.in TBSC (Tris-buffered saline with 1 mM Ca2) for 5 min and blocked
with 10% BSA in HBSS for 30 min at 37C. Then, the cultures were
Quantification of Puncta and Dendritic Spine Morphologyincubated for 90 min at room temperature with primary antibodies
For quantitative measurements of fluorescent puncta or spinediluted with 3% BSA in HBSS, and the primary antibodies were
length, confocal images were captured from a proximal 50m regionvisualized with fluorochrome-conjugated secondary antibodies
in three or four of the largest dendrites in each neuron, using the(Alexa fluor secondary antibodies, Molecular Probes). Double or
same gain and contrast settings for each set of control and experi-triple immunostaining was done with mouse anti-synapsin (Chemi-
mental samples. The area of labeled puncta was measured by Scioncon), mouse anti-PSD-95 family proteins (6G6-1C9, Affinity Biore-
image for Windows (Scion Corporation) and the length of dendriticagents), rabbit anti-GABAA receptor 1 (Upstate), mouse anti-GAD
spines by LSM 510 software (Carl Zeiss). To count puncta, we used(clone GAD-6, Roche), rabbit anti-GFP (Chemicon), mouse anti-GFP
a thresholding function (i.e., using the control sample, the threshold(Roche), rabbit anti-FLAG (Santa Cruz Biotechnology), mouse anti-
intensity was set to include as many typical puncta as possible andN-cadherin (Transduction Laboratories), rat anti-N-catenin (NCAT2,
exclude structures other than puncta). This same setting was thenHirano et al., 1992), and mouse anti--catenin (5H10, a gift from
used for the measurement in experimental samples. For measuringM.J. Wheelock) antibodies. F-actin was visualized by use of Alexa
spine head width, the maximum width at the enlarged head portion488-conjugated phalloidin. For DiI or DiO labeling of neurons, cells
of each spine was manually measured. For spines with multiplewere fixed with 4% paraformaldehyde and 4% sucrose in HBSS for
processes present in cN390-transfected neurons, the longest pro-30 min, washed three times in TBS, and then incubated with a
cess was chosen for measurement. Measured data were exportedsuspension of crushed crystals of DiI (0.4 g/ml) in TBS at 37C for
to Excel software, and the data were compared by using Student’s1 min, according to Allison et al. (2000). The labeled cells were
t test. In general, several neurons were randomly chosen from multi-washed several times and photographed in TBS. Coverslips were
ple culture plates for the above assays.mounted with FluorSave reagent (Calbiochem). Images were cap-
tured with a Zeiss LSM510 confocal laser scanning microscope
through a 63 (1.4 NA) or 40 (1.3 NA) objective. Images for presen- Targeted Disruption of the N-Catenin Gene
tation were prepared with Adobe Photoshop software. For mutation of the N-catenin gene (N-cat), embryonic stem cells
were transfected with the targeting construct (which is depicted in
Figure 5) by a method already described (Swiatek and Gridley, 1993).cDNA Transfection
To transfect neurons with N-cadherin constructs, we replaced the Mutated ES cells were used for generating germline chimera, as
described (Swiatek and Gridley, 1993). After initial screening of theculture medium with NeuroBasal medium (Gibco) with B27 supple-
ments and AP-5 (25 M). Then, adenoviral expression vectors recombinant ES cells and mutant mice by Southern blotting analysis,
both embryonic and young animals were genotyped by PCR. To(MOI 10 to 25) for N-cadherin or cN390 (Nakagawa and Takeichi,
1998) to which FLAG-tag or EGFP-tag had been attached to the detect the 113 base pair (bp) band indicative of the wild-type N-cat
allele, we employed primers corresponding to N-5	 (5	-CTTGTGAcarboxy terminus or those for EGFP were added to the cultures,
which were incubated for another 2 days. The transfected neurons CACAGGTGACAAC-3	) and N-3	 (5	-AGTAGCTTGTTCTACAGA
TGC-3	). To detect the 400 bp band indicative of the mutant N-catwere fixed and subjected to immunocytological analyses. Under
these infection conditions, we could achieve a transfection rate allele, we used primers corresponding to the neomycin phospho-
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transferase gene Neo (5	-TCTATCGCCTTCTTGACGAGTTC-3	) and erin-6B activity perturbs the distribution of PSD-95 family proteins
in retinal neurones. Genes Cells 5, 309–318.N-3	. PCR conditions were the following: 5 min at 94C followed
by 35 cycles at 94C  1 min, 63.2C  30 s, and 72C  1 min  Horikawa, K., Radice, G., Takeichi, M., and Chisaka, O. (1999). Adhe-
1 s/cycle. sive subdivisions intrinsic to the epithelial somites. Dev. Biol. 215,
182–189.
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